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ABSTRACT 
Anatase TiO2 is widely used for pollutant degradation due to its photocatalytic property. Exposure of the surface to UV 
radiation (sunlight or artificial) generates an electron-hole pair that is responsible for the formation of free radicals such as 
O2
•−
 in the presence of atmospheric oxygen and HO
•
 in the presence of water. Biomorphic TiO2 plates were produced by 
infiltration of paper with titanium isopropoxide (TTiP) solution followed by hydrolysis in NH4OH and calcination at 
temperatures up to 600-1000 ºC, as a new way of fixing TiO2 with the aim of delaying the phase transition from anatase 
(photoactive) to rutile (inactive). In order to study the effect of addition of zirconia as a dopant on the microstructure and 
the phase transition from anatase to rutile, the same procedure was used, but with the addition of 5% (m/m) of ZrO(NO3)2 
to TTiP. The biomorphic materials were characterized by XRD, specific surface area measurement (using the BET 
method), EPR, and SEM. Their photocatalytic efficiencies were evaluated in the decoloration of Orange II dye and the 
inhibition of growth of E. coli bioluminescent bacteria. Using 5% Zr-doped TTiP, with calcination at 800 ºC, bacterial 
growth was reduced by 23% after 180 minutes, and 70% dye decoloration was achieved in 30 hours. 
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INTRODUCTION  
When the TiO2 anatase structure is exposed to UV radiation, electrons are driven to an electronically excited state. As a 
result, there is the formation of reactive free radicals, especially hydroxyl and superoxide, and one electron-hole pair (e
-
/h
+
) in the valence shell. These features result in an oxidizing material that is capable of degrading organic molecules 
adsorbed on its surface. The photocatalytic activity of TiO2 mainly depends on the contents of the anatase and rutile 
crystalline phases, as well as the specific surface area.
1,2
 The anatase phase is irreversibly transformed to rutile at 
temperatures in the region of 600 ºC.
1
 
Most studies of photocatalytic TiO2 employ TiO2 in powder form (one-dimensional). Alternatively, the biotemplate method 
involves the generation of a three-dimensional ceramic material that mimics the morphological structure of an organic 
matrix, and enables liquid ceramic precursors to be used for infiltrating the organic matrix. Hydrolysis of the precursors, 
followed by a calcination step for the removal of organics, results in the formation of a ceramic plate with the 
morphological characteristics of the organic matrix.
3–7
 
The photocatalytic efficiency of TiO2 can be evaluated by the decoloration of organic dyes, the degradation of atmospheric 
pollutants, and the inactivation of microorganisms. The azo dyes (Orange II, Methyl Red, and Methyl Yellow) are highly 
toxic carcinogenic compounds that are used in textile industry dyeing processes. Discharges of the wastewater can cause 
serious environmental and health problems.
8,9
 For this reason, destruction of the dyes present in wastewater is a high 
priority.
10
 The absorption of light by Orange II occurs between 480 and 490 nm, corresponding to a blue-green color, and 
the complementary color (the observed color) is orange. This absorption is due to the extensive conjugated single and 
double bonds, with the aromatic rings of the molecule linked with an azo bond (N=N) (Fig. 1). The azo bonds are the most 
active links in azo dye molecules and can be oxidized by hydroxyl radicals, or be reduced by electrons in the conduction 
band. The cleavage of N=N bonds leads to dye decoloration.
8,9
 
 
Figure 1: Structural representation of Orange II dye. 
Photoinduced inactivation of microorganisms by anatase TiO2 is known to involve the inhibition of microbial cell 
multiplication.
11,12
 One of the latest reviews concerning the antimicrobial activity of TiO2 is provided by Foster et al.,
12
 
where the mechanism of cell death is described as involving degradation of the cell wall and the cytoplasmic membrane 
due to the formation of reactive oxygen species such as hydroxyl radicals and hydrogen peroxide.  
Although E. coli is a commensal bacterium, several strains can cause diseases such as gastrointestinal and urinary tract 
infections, even in the most robust human hosts.
11
 The use of antibacterial self-sterilizing TiO2 plates could be a valuable 
strategy against these kinds of bacterial strains. 
In this work, paper was used as an organic biotemplate matrix to produce biomorphic TiO2 plates with morphology similar 
to that of the biotemplate, as a green and innovative alternative for fixation of TiO2. The great advantage of obtaining pure, 
thin, and flat plates of TiO2 is that these substrates do not suffer from the disadvantages of TiO2 powder, which becomes 
dispersed and is hard to recover after its use in photocatalysis.
13
 Another advantage is the high surface/volume ratio, 
because the photocatalysis occurs on the surface of the material. The photocatalytic efficacies of these new materials 
were tested using an innovative real-time bioluminescent method for analysis of bacterial activity, as well as by organic 
azo dye decoloration. 
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2. EXPERIMENTAL 
2.1. Production of plates 
Addition of 5 wt% ZrO(NO3)2 to titanium isopropoxide solution (TTiP, Aldrich, 97%) was followed by homogenization under 
magnetic stirring. Rectangles of paper (850 g m
-
², Canson Arches TF, France) were used as biotemplates for the 
production of TiO2 plates. The biotemplates were placed in TTiP or Zr-doped TTiP solutions for infiltration, then removed 
from the solutions after 1 h and transferred to 30% NH4OH (Synth) for hydrolysis for 1 h under magnetic stirring. The 
biotemplates were removed from the NH4OH and air-dried at room temperature for 24 h. Subsequently, they were 
calcined for 30 min in a muffle furnace at temperatures between 600 and 1000 ºC, using a heating rate of 10 ºC min
-1
. 
2.2. EPR analyses 
The spin trapping method was used in electron paramagnetic resonance (EPR) measurements of HO
•
 radicals. A 0.2 M 
solution of DMPO (5,5-dimethyl-1-pyrroline N-oxide, Aldrich) was prepared with high purity water (Mill-Q system, Millipore) 
and was used to homogenize the plates, forming a slurry. This slurry was introduced into a glass capillary tube, which was 
then placed in a quartz EPR tube. The WIN EPR program (Bruker) was used for the acquisition and manipulation of the 
EPR spectra. 
2.3. Experimental setup 
Evaluation of the photocatalytic efficiency of TiO2 in the degradation of organic dye employed a black light lamp (F15, GE), 
with 10 mW m
-2
 UV irradiation of the vessel containing the sample. One vessel was filled with 100 mL of dye solution (14 
mg L
-1
), and another contained 100 mL of the dye solution and the TiO2 (9 cm
2
) biotemplate. The latter vessel was 
covered with aluminum foil to protect it from UV radiation. All the experiments were conducted under the same conditions: 
10±0.5 mW m
-2
 irradiation, measured with a lux meter (MRU-201, Instrutherm) at 10 cm from the vessel; pH 7; 
temperature of 23±5 ºC. Aliquots were withdrawn every hour for measurement of absorbance using a Lambda 750 
spectrophotometer (PerkinElmer). The duration of the test was 30 h, and the decoloration efficiency (ξ) of Orange II dye 
was calculated using Eq. 1: 
       (1) 
where A0 is the initial absorbance and Af is the absorbance after exposure to UV irradiation at λ = 486 nm.
14
 The products 
resulting from Orange II dye decoloration were evaluated by removing aliquots of the solutions at the beginning, middle, 
and end of the test, for analysis using liquid chromatography-mass spectrometry (Model 1100 LC/MS, Agilent). 
Alves et al.
15
 described a fast and simple method for monitoring the photoinactivation of Escherichia coli, involving the use 
of recombinant bioluminescent bacteria. Escherichia coli cells were transformed with luxCDABE genes from the marine 
bioluminescent bacterium Vibrio fischeri, and the recombinant bioluminescent indicator strain was used to assess, in real 
time, the effect of anatase TiO2 plates under artificial irradiation.  
In the present work, bacterial cultures were cultivated overnight, following the procedure of Alves et al.,
15
 followed by ten-
fold dilution in phosphate buffered saline (PBS) to a final concentration of 10
6
 CFU mL
-1
. This bacterial suspension was 
equally distributed into sterilized 100 mL glass beakers. Two plates (2 x 3 cm, 60 mg) of the TiO2 under study were then 
added, giving a total volume of 10 mL. The samples were protected from light with aluminum foil and incubated for 10 min 
at 25 ºC, with stirring at 100 rpm. Light and dark controls were included in the experiments. In the case of the light control, 
no plates were added, but the beaker was exposed to the same irradiation protocol. For the dark control, the plates were 
added to the beaker, which was then shielded with aluminum foil. 
The samples were exposed to UV irradiation (290–400 nm) at intensity of 20 W m
−2
. Lamps were turned on 30 min prior to 
each experiment, in order to stabilize the irradiance. Every 15 min, a 1 mL aliquot was removed from each beaker and the 
bioluminescence was measured using a luminometer (GloMax 20/20) to determine the degree of photocatalytic 
inactivation. Three replicates were used in each experiment, which was repeated three times. In each experiment, control 
samples (using cells in the absence of TiO2) were irradiated under the same conditions. 
3. RESULTS AND DISCUSSION 
X-ray diffraction analysis was used to identify the crystalline phases present in the materials calcined between 600 and 
1000 ºC, as well as to estimate their relative proportions (Fig. 2).  
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Figure 2: X-ray diffractograms for plates prepared from TTiP and 5% Zr-doped TTiP, calcined between 600 and 1000 ºC. 
A = anatase; R = rutile. 
With heating, the intensities of the characteristic peaks of anatase increased significantly, accompanied by reduced 
widths. Below 800 ºC, only the anatase phase was present. The rutile phase appeared at 850 ºC, and the anatase and 
rutile phases then co-existed at temperatures up to 900 ºC. At 1000 ºC, only the rutile phase was present. Addition of the 
dopant did not result in the formation of any additional crystal phases. 
Table 1 presents the evolution of crystallite size with calcination temperature, as calculated using the Scherrer equation. 
The anatase crystallites became larger as the temperature increased, and the formation of rutile was observed when the 
particles reached ~20 nm. 
Table 1: Crystallite size, anatase and rutile contents, surface area, and band gap of biotemplates calcined at different 
temperatures. 
 
The lattice parameters were altered with increase of calcination temperature and doping. The specific surface area 
decreased with increasing calcination temperature, with the highest specific surface area shown by the 5% Zr-doped 
sample calcined at 800 ºC. Considering the results of the XRD analyses and the lattice parameters, it was decided to use 
the doped and undoped plates calcined at 800 ºC, which showed the lowest band gap values and therefore required less 
energy for the generation of free radicals. 
Sample Content (%) Surface area 
(m
2
 g
-1
) 
Crystallite size (nm) Band gap (eV) 
 Anatase Rutile Anatase Rutile  
TTiP 700 ºC 100 0 11.02 19.4 - 3.12 
TTiP 800 ºC 92.4 7.6 8.91 19.6 38.9 2.95 
TTiP 850 ºC 48.1 51.9 6.40 29.1 38.9 2.97 
TTiP  900 ºC 6.7 93.3 4.19 38.8 43 3.02 
TTiP  1000 ºC 0 100 2.83 - 45.4 3.00 
Zr 5% 800 ºC 81.6 18.4 16.116 19.57 25.55 2.95 
Zr 5% 900 ºC 7.6 92.4 7.193 22.62 40.89 - 
Zr 5% 1000 ºC 0 100 4.356 - 44.44 - 
    ISSN 2321-807X 
4251 | P a g e                                                       J a n u a r y  1 9 ,  2 0 1 6  
The morphologies of the samples are shown in Fig. 3. In all cases, typical organic shapes were present, as expected. Fig. 
3a shows the microstructure of the organic matrix. Figs. 3b and 3c show the samples prepared with undoped TTiP and 
calcined at 800 ºC and 1000 ºC, respectively. Fig. 3d shows the 5% Zr-doped TTiP sample calcined at 800 ºC. At high 
calcination temperatures, the cellulose fibers were combusted, with TiO2 remaining and forming similar shapes. There 
were no substantial sintering reactions, at least up to 450 ºC, but the particles tended to be coarse and adhered. 
 
 
Figure 3: Scanning electron micrographs of the biotemplate before infiltration (a), and samples prepared with (b) undoped 
TTiP and calcined at 800 ºC, (c) undoped TTiP and calcined at 1000 ºC, and (d) 5% Zr-doped TTiP and calcined at 800 
ºC. 
The ability of the anatase and rutile plates to produce hydroxyl radicals upon photoexcitation with UV radiation in aqueous 
suspensions was monitored by EPR, using DMPO as a spin-trapping agent, producing a stable free radical product (spin 
adduct). DMPO was selected because of its low redox activity and its ability to produce EPR spectra that reflect the radical 
species present.
16,17
 After continued exposure of the TiO2 suspensions, a quartet of lines with peak height proportions of 
1:2:2:1 was obtained, typical of the 
•
DMPO-OH signal (Fig. 4). The DMPO molecule was sufficiently photostable under the 
experimental conditions employed.
18,19
 No radical formation was detected in the absence of illumination.  
 
Figure 4: EPR spectra of TTiP and 5% Zr-doped TTiP plates calcined at 800 ºC, using DMPO and irradiation with UV light 
for 1, 5, and 10 min. 
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The quantity of HO
•
 radicals generated by the plates increased with irradiation time, and the plate doped with Zr produced 
more HO
•
 radicals than the plate produced without doping. The high generation of radicals by the plates was probably 
related to their high specific surface areas. The decoloration percentages achieved by the plates produced using TTiP and 
calcined at different temperatures are compared in Fig. 5. 
 
Figure 5: Decoloration of Orange II dye by TiO2 plates produced using TTiP and calcined at temperatures between 600 
and 900 ºC. LC: light control; DC: dark control. 
The decoloration values obtained for the light control showed that UV radiation alone did not cause any dye decoloration, 
and an increase in the absorbance values could be explained by the evaporation of water from the solution during the test. 
The values obtained for the dark control indicated that TiO2 was unable to decolor the dye in the absence of UV radiation. 
The plate doped with Zr showed the best decoloration percentage, which reached 80% after 30 h. Among the undoped 
plates, the best decoloration percentage was achieved with the sample calcined at 800 ºC (70% after 30 h).  
Orange II dye exhibits phototropism and mainly exists in two tautomeric forms (the azo and hydrazone forms) (Fig. 6). 
However, the hydrazone form is predominant in aqueous solution. Photocatalytic degradation leads to decoloration of the 
solution by decreasing the absorption band, following adsorption of the dye on the surface of the photocatalyst via the 
oxygen of the hydrazone and the two oxygen atoms of the sulfonate group. 
 
Figure 6: Mechanism of decoloration of Orange II dye. 
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Interaction with the radicals generated in the photocatalytic process cleaved the azo bond of the dye molecule (Fig. 6), as 
shown by the analysis using liquid chromatography coupled with mass spectrometry. This step resulted in decoloration of 
the solution, but was not accompanied by any significant reduction in chemical oxygen demand.
20
 
For evaluation of the intermediate species generated in the degradation process, aliquots of sample were analyzed at the 
start of the test and after 15 and 30 h of irradiation. As shown in Fig. 7, the concentration of Orange II decreased as the 
hydrazine and benzoquinone fragments were formed (Fig. 6). 
 
Figure 7: Liquid chromatography spectrum showing the decreased concentration of Orange II dye after 30 h of the test.
 All the aqueous wastes generated in the experiments were decolored using the plates developed in this work 
under UV light irradiation, until all the solutions were colorless, hence avoiding any discharges of toxic materials. 
The antibacterial tests were performed using a control with no titania present, and using 6 mg of the TiO2 plates per mL, 
with and without UV irradiation. The results showed that the undoped TiO2 presented low activity under UV irradiation 
(Fig. 8a), which was comparable to the decrease in the bacterial concentration induced by UV light alone. Under UV 
irradiation, the bacterial concentration was reduced by 9% after 90 min, while a reduction of around 11% was obtained in 
the presence of the TiO2 plates, under the same irradiation conditions. When the tests were performed in the dark, 
however, the bacterial concentration remained constant. This indicated that the growth of E. coli was affected by UV 
radiation. However, use of the 5% Zr-doped TiO2 plate resulted in greater bacterial inactivation. The results of the 
experiments performed under UV irradiation and in the dark are shown in Fig. 8b. 
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Figure 8: Antibacterial tests with (a) undoped TTiP plate and (b) 5% Zr-doped TiO2 plate, calcined at 800 ºC. 
The addition of Zr as a dopant increased the antibacterial properties of the material, in agreement with the observed 
photocatalytic activity, with 23% inactivation after 180 min. This could be explained by the influence of Zr in reducing the 
size of the rutile crystallites, hence increasing the specific surface area, leading to higher photocatalytic activity. Tests 
performed under different experimental conditions can make comparisons difficult, and differences in the antibacterial 
action of TiO2-based materials can be due to the effects of various parameters, such as morphology/area and (in the case 
of nanoparticles) average dimensions as well as shape.
12
  The mechanisms causing bacterial inactivation under light 
irradiation are not completely understood, although they are likely to involve damage to the cell membrane and alterations 
in cell morphology caused by the light-generated radical species.
21
 In this mechanism, the complexity and the density of 
the cell wall of the microorganisms play a key role in their resistance to the antibacterial material. 
4. CONCLUSIONS 
The plates produced in this work offer excellent potential for use in practical applications, benefitting from their three-
dimensional hierarchical structures with high surface-to-volume ratios, which ensure efficient diffusion pathways for the 
capture and degradation of pollutant species. Furthermore, an interconnected structure not only provides superior 
photocatalytic performance, but also from a practical point of view enables easier removal of the photocatalyst from the 
environment. The use of zirconium as a dopant in biomorphic TiO2 plates was effective in reducing the size of the 
crystallites and increasing the surface area of the plates, hence improving the photocatalytic activity. The TiO2 plates 
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provided effective photoinactivation of E. coli. This approach could be used as a screening method for in vitro bacterial 
photoinactivation studies, as well as for evaluating the effectiveness of novel materials. We intend to continue this study 
using plates with other dopants such as Ba
2+
 and La
3+
, and the production of plates starting from titanium tetrachloride. 
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